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ABSTRACT
We investigate the hypothesis that ingestion of a terrestrial or super-Earth planet
could cause the anomalously high metal abundances seen in a turn-off star in the open
cluster M67, when compared to other turn-off stars in the same cluster. We show that
the mass in convective envelope of the star is likely only 3.45 × 10−3 M, and hence
5.2 M⊕ of rock is required to obtain the observed 0.128 dex metal enhancement. Rocky
planets dissolve entirely in the convective envelope if they enter it with sufficiently
tangential orbits: we find that the critical condition for dissolution is that the planet’s
radial speed must be less than 40% of its total velocity at the stellar surface; or,
equivalently, the impact parameter must be greater than about 0.9. We model the
delivery of rocky planets to the stellar surface both by planet-planet scattering in
a realistic multi-planet system, and by Lidov–Kozai cycles driven by a more massive
planetary or stellar companion. In both cases almost all planets that are ingested arrive
at the star on grazing orbits and hence will dissolve in the surface convection zone. We
conclude that super-Earth ingestion is a good explanation for the metal enhancement
in M67 Y2235, and that a high-resolution spectroscopic survey of stellar abundances
around the turn-off and main sequence of M67 has the potential to constrain the
frequency of late-time dynamical instability in planetary systems.
Key words: stars: evolution — methods: numerical — planet–star interactions —
planetary systems — open clusters and associations: individual: M67
1 INTRODUCTION
Differential stellar spectroscopy, where the spectra of stars
with very similar atmospheric parameters are analysed com-
paratively, is a powerful tool for testing our understanding
of stellar physics and astrophysics. It can be used to probe
the evolution of stars, the physics of stellar photospheres,
and the consequences of interactions between stars and their
planets. As a tool it is particularly valuable when the stars
are thought to have formed from gas of the same chemical
composition, and to have done so at the same time, since
these additional constraints limit the possible causes of dif-
ferences between the spectra. One example is wide binary
stars, where the stars can be resolved and separate spectra
obtained (e.g., Ramı´rez et al. 2011; Liu et al. 2014; Mack
et al. 2014; Tucci Maia et al. 2014; Ramı´rez et al. 2015;
Teske et al. 2016b,a). In a recent case Liu et al. (2018) stud-
ied the wide binary HD 80606/80607, and proposed that
the difference between the two components’ elemental abun-
dances has been caused by the accretion of a planet into the
? E-mail: ross@astro.lu.se
envelope of HD 80606. Suitable binaries are rare, however:
they must be wide and nearby enough for the stars to be
resolved, and have sufficiently similar surface temperatures
to be analysed differentially.
Another source of coeval stars, whose initial chemical
compositions can be assumed to be very similar, is stellar
clusters. The open cluster M67 is particularly attractive for
such studies. With over 1200 known members (Geller et al.
2015), it is rich enough to provide a useful sample of stars to
study in any chosen evolutionary state. It is also relatively
nearby (∼ 900 pc, Gaia Collaboration et al. 2018), making
even the main sequence available to high-resolution spectro-
scopic analysis, and it has a metallicity very close to solar
(e.g., Randich et al. 2006; Pace et al. 2008; O¨nehag et al.
2011, 2014; Liu et al. 2016), allowing the Sun to be used as
a reference point.
Liu et al. (2019) observed seven members of M67 with
high-resolution, high-signal-to-noise spectroscopy. Their
analysis is strictly differential to the Sun, which allows them
to obtain relative uncertainties in elemental abundances of
around 0.02 dex. In addition to a solar spectrum they ob-
served one solar twin, Y1194, three turn-off stars (Y1388,
c© 2019 The Authors
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Figure 1. Differences in special abundances between M67 Y2235
and the mean value for M67 Y535 and M67 Y1388. Data are
taken from tab. 3 of Liu et al. (2019). Uncertainties are those for
Y2235. The red horizontal line shows the mean abundance offset
of 0.128 dex.
Y535 and Y2235), and three subgiants (Y1844, Y519, and
Y923). We focus here on the turn-off stars. Y1388 and
Y535 have the same elemental abundances as one another
to within the uncertainties (∼ 0.02 dex), and are in qualita-
tive agreement with the evolutionary models of Dotter et al.
(2017), which include changes to atmospheric metal abun-
dances through atomic diffusion, radiative levitation, and
turbulent diffusion. However, the third turn-off star, Y2235,
has enhanced elemental abundances compared to the other
two, as shown in Figure 1. The differences show no par-
ticular trend with atomic number or sublimation tempera-
ture (unlike between some pairs of stars; see Mele´ndez et al.
2009, 2017; Ramı´rez et al. 2015) and, to within the obser-
vational uncertainties, are consistent with a constant offset
of 0.128 dex in each species. The presence of a systematic
offset is significant to about six sigma.
Abundance differences such as these have often been at-
tributed to the presence of extra-solar planets, in two ways:
the formation of planets might lock up heavy elements in the
protoplanetary disc, preventing their accretion onto the star
and reducing the photospheric abundances (Mele´ndez et al.
2009; Chambers 2010; Ramı´rez et al. 2015); alternatively,
the accretion of a planet might increase photospheric abun-
dances (Sandquist et al. 2002; Ramı´rez et al. 2015; Mele´ndez
et al. 2017). This latter process is particularly effective if the
accretion takes place once the host star has reached the main
sequence, as its convective envelope is then small and the
material of the planet can provide a large abundance enrich-
ment if it mixes into a relatively small fraction of the star.
Often the required quantities of material are estimated to
be a few Earth masses (e.g., Mele´ndez et al. 2017; Liu et al.
2018). This places potential ingested planets in the class of
super-Earths, a class which has been shown to be extremely
common, with transit and radial-velocity surveys giving oc-
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Figure 2. Model isochrones generated using stars. Surface grav-
ity log10 g is plotted against effective temperature Teff . The black
solid line shows a 4.5 Gyr isochrone, the green dashed line is for
4 Gyr and the salmon dotted line for 3.5 Gyr. Purple error bars
show the observations from Liu et al. (2019): subgiants are plot-
ted with squares, turn-off stars with circles and dwarfs with dia-
monds. M67 Y2235 is shown with a filled symbol. Isochrones are
calculated for stellar masses between 1 M and 1.4 M.
currence rates of 30− 70% (Mayor et al. 2011; Fressin et al.
2013; Zhu et al. 2018; Zink et al. 2019). Therefore, the po-
tential to pollute stellar photospheres by ingesting planets
may exist in many systems.
Motivated by these observations, we further explore the
scenario where a star’s photospheric abundances are en-
hanced by the late accretion of a terrestrial or super-Earth
planet. We focus on M67 Y2235 and investigate the evapo-
ration and orbital decay of super-Earths that penetrate the
stellar photosphere, and the initial conditions for these tra-
jectories that arise when planets are delivered to the star by
dynamical interactions with other planets or binary stellar
companions. The paper is structured as follows. In Sections 2
and 3 we describe our stellar models and our model for the
ingestion of planets by their host star. Section 4 contains a
discussion of the various means of transporting super-Earth
planets to the stellar surface, and Section 5 a discussion of
the consequences of our models for M67. Finally we conclude
in Section 6.
2 STELLAR MODELS
We calculate stellar models using the stars code (Eggleton
1971; Pols et al. 1995). We employ standard input parame-
ters, including solar metallicity, a convective mixing length
that matches the Sun today, and convective overshooting
with δos = 0.12 (Schroder et al. 1997). We distribute 295
models between 1 M and 1.4 M so as to resolve the fea-
tures in isochrones of 3.5 Gyr, 4 Gyr and 4.5 Gyr: see Fig-
MNRAS 000, 1–12 (2019)
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Figure 3. The evolution of the convective zone of a 1.18 M,
solar-metallicity star as a function of time t. The black solid line,
plotted on the left-hand ordinate axis, shows the mass contained
within the surface convective zone, mcz, in solar masses. The blue
diamond is the turn-off model that fits M67 Y2235. The thin
dotted horizontal blue line shows the value of mCZ at 4 Gyr; as
can be seen, other than for the brief interval whilst the star is still
settling onto the zero-age main-sequence, the star’s convective
zone is less massive than this at all previous times. The dashed
red line, plotted against the right-hand ordinate axis, shows the
depth of the convective zone, dcz, in solar radii.
ure 2. Y2235 is well fit by a 4 Gyr old model of mass 1.18 M,
so we take that as our fiducial model for the star. Figure 3
shows the evolution of the mass and depth of the convec-
tive envelope for this star from the zero-age main sequence
to 5 Gyr. The star’s mass is just below the point at which
the stellar envelope transitions from convective to radiative,
which in main-sequence stars of solar metallicity takes place
at about 1.3 M. Hence it has a low-mass surface convec-
tive zone. During the first 3 Gyr of main-sequence evolution
the mass in the star’s surface convective zone shrinks as the
mean molecular weight of the material in the central re-
gions increases following nuclear burning. Towards the end
of the main sequence, as the star begins to form a distinct
hydrogen-exhausted core, the convective zone starts to grow
again. After 4 Gyr it deepens quickly as the star begins the
transition towards the subgiant branch. The thin blue dot-
ted horizontal line shows that, with the exception of the
first 108 yr, the star’s convective zone has never previously
exceeded its mass at 4 Gyr, which is 3.45× 10−3 M.
The change in logarithmic number abundance of species
x, ∆[x/H], is, in general, given in terms of its mass fraction
X(x), as
∆[x/H] = log10
(
X(x)X0(H)
X(H)X0(x)
)
' log10
(
X(x)
X0(x)
)
, (1)
where X0 denotes the original abundance. In practice the
change in hydrogen abundance can be neglected. If we as-
sume that the change is caused by the accretion of mac of
material with total metal mass fraction Zac = 1, with all the
individual metals in the same ratios as the original material,1
then this becomes
∆[x/H] = log10
(
Z
Z0
)
= log10
(
mcz +mac/Z0
mcz +mac
)
(2)
where mcz is once again the mass in the convective zone
and Z is the mass fraction of metals following accretion.
We take Z0 = 0.013 (Asplund et al. 2009) which, for our
1.18 M model shown in Figure 3 implies that we need to
accrete a total of 1.6× 10−5 M of metals, about 5.2 M⊕.
The discussion above shows that a thin convective zone
permits the observed surface abundance to be changed sig-
nificantly by the engulfment of a terrestrial planet. As seen
in Fig 3, the convective zone encompasses a far larger frac-
tion of the stellar radius that it does mass: it never accounts
for less than 20% of the stellar radius. However it is not obvi-
ous that the planet will be entirely disrupted before it sinks
below the base of the convective zone. To quantify whether
the planets are disrupted in or below the convective zone,
we have developed a simple model of the destruction of a
planet as it sinks into the star.
3 DISRUPTION OF INGESTED PLANETS
Our model of the ingestion of planets contains a number of
simplifying assumptions which are discussed in Section 3.3.
We are not attempting to make a complete model of the
passage of a planet into the stellar atmosphere but to answer
a simple question – does the planet dissolve before reaching
the base of the convective zone? – for which we think that
this calculation is sufficient.
3.1 Model ingredients
We begin our calculations at the point where the planet
enters the surface of the star for the first time. Inside the
star a spherical planet of radius Rp, moving with velocity v
relative to the star, is subject to a drag force of magnitude
FD =
1
2
CDpiR
2
pρ?(r)v
2 (3)
where we set the drag coefficient CD = 1 and obtain the
density of the stellar surface layers ρ? by linear interpolation
in radius r. We neglect the force owing to dynamical friction,
FDF, since, following Binney & Tremaine (2008),
FDF
FD
=
4piG2M2pρ? ln Λ
v2FD
=
2 ln Λ
CD
(vesc,p
v
)4
, (4)
where the Coulomb logarithm, ln Λ ' 10, and the surface
escape velocity of the planet, vesc,p ≈ 10− 20 km s−1, whilst
v ≈ 500 km s−1 for a compact turn-off or main-sequence star.
We divide FD by the mass of the planet, which we conserva-
tively assume to have the density of iron, ρp ' 7.9 g cm−3,
to obtain the total acceleration of the planet, r¨, as
r¨ = −Gm?(r)r
r3
− 3CD
8
(
ρ?
ρp
)
v
Rp
r˙. (5)
The power dissipated by the drag force is equal to FDv.
Most of the liberated energy goes into heating up the stellar
1 see Section 5 for a discussion of this assumption
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photosphere, but a fraction is deposited in the planet. This
energy first melts the planet and then gravitationally un-
binds it; in practice the latter process requires most energy.
We represent the fraction of the energy dissipated that goes
into the planet as the coefficient of radiative heat transfer,
CH. Writing the specific gravitational binding energy of the
surface layers of the planet as
bind,p ' GMp
Rp
(6)
we obtain the rate of loss of mass from the planet as
M˙p =
CHFDv
bind,p + Lvap (7)
where we conservatively take the latent heat of vaporisation
appropriate for iron, Lvap ' 6 kJ g−1 (Zhang et al. 2011).
Obtaining a good estimate for the value of CH is chal-
lenging. The most relevant body of work relates to me-
teor motion in the Earth’s atmosphere. Brykina (2018) give
formulae that cover the relevant regime in Mach number
(roughly 50) and gas densities but for much smaller bod-
ies. Over their range of validity these formulae give values
of CH between roughly three and thirty per cent: hence we
conservatively set CH = 0.01.
We integrate the equations for the mass and motion of
the planet numerically, starting at the point at which the
planet enters the star for the first time. The total velocity of
the planet at impact onto the stellar surface, v0, is related
to its orbital semi-major axis a by
v0 =
√
2GM?
R?
(
1− R?
2a
)
(8)
where R? and M? are the stellar radius and mass. In prac-
tice, for any realistic means of transporting the planet to the
star, a R? and the planet enters the star at approximately
the surface escape speed; see Section 4 for more details. The
other initial condition that we need is the angle of incidence
of the planet’s orbit at the stellar surface. We work in terms
of the fraction of the planet’s velocity that is in the radial
direction at the surface, v˜⊥ = v⊥/v0 ≡ cos θ, where θ is the
angle between the vector normal to the stellar surface and
the velocity of the planet. Considering the specific orbital
angular momentum at the point of contact with the stellar
surface,
h =
√
GM?a(1− e2) = R?v0 sin θ (9)
we obtain v⊥ as
v˜⊥ =
√
1− a
2(1− e2)
R?(2a−R?) . (10)
3.2 Results for fiducial model star
Results from a typical example run are shown in Figure 4.
We take the initial semi-major axis to be 0.5 au, typical
for the population of super-Earths detected by Kepler, and
v˜⊥ = 0.14, which represents a grazing orbit. The planet has
an initial mass of ten Earth masses (3 × 10−5 M). The
lower panel shows the first few orbits, which are extremely
eccentric: the orbit grazes the star but reaches out to a dis-
tance of roughly 1 au from its surface. The upper plot shows
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Figure 4. Orbits of a planet as it dissolves in a stellar envelope.
The planet has an initial mass of ten Earth masses (3×10−5 M),
initial orbital semi-major axis of 0.5 au, and v˜⊥ = 0.14, a grazing
orbit. The stellar model is a 1.18 M, solar-metallicity star at an
age of 4 Gyr, matching the position of Y2235 in our isochrones.
The top panel shows the first few orbits after the planet enters the
stellar surface; the orbital decay is caused by the drag force as the
planet passes through the envelope. The bottom panel shows the
final few orbits as the planet is disrupted. The orbit has decayed
to about twice the stellar radius (outer thin red dashed circle), but
at its deepest extent it is still well above the base of the convective
zone (inner thin red dashed circle). In total the planet undergoes
373 orbits before complete dissolution, taking a total of 6.4 years.
The long-dashed purple line shows the tidal limit, within which
the planet would be tidally disrupted (see Equation 11).
the final few orbits as the planet is disrupted. The orbit has
shrunk owing to the retarding effect of the drag force inside
the envelope, but the pericentre decay is much smaller and
the inner extent of the orbit is still well within the convective
zone. This planet is entirely disrupted within the convective
zone and so all of its heavy metal content will be available
to increase the observed metallicity of the star.
By contrast, planets on more radial orbits can be de-
stroyed rapidly. Figure 5 shows a few cases around the
boundary between long-lived and short-lived systems for a
MNRAS 000, 1–12 (2019)
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Figure 5. As for Figure 4, but for three orbits with larger values
of v˜⊥. The planet with v˜⊥ = 0.53 (thick, black, solid line) is
destroyed on its first plunge into the star. Planets with v˜⊥ =
0.47 (short-dashed red line) and v˜⊥ = 0.44 (long-dashed blue
line) both survive the first orbit but are destroyed on the second
passage.
planet mass of 10M⊕ (3× 10−5 M). The thick black solid
line shows a planet with v˜⊥ = 0.53; it is destroyed on its first
plunge into the star and only 10 per cent of the planet’s
mass is deposited in the convective zone. The case with
v˜⊥ = 0.47 (red short-dashed line) emerges from the star
but is destroyed on its second orbit; about one-third of the
planet’s mass ends up in the convective zone. Finally, the
blue long-dashed line shows the orbit for v˜⊥ = 0.44. Once
again the planet is destroyed on its second pass through the
star; although the planet only grazes the radiative region
below the convective zone nearly 45 per cent of its mass is
deposited there.
The fact that a relatively grazing orbit can deposit most
mass beneath the convective zone seems counter-intuitive,
but Figure 6 shows why it is the case. The orbit plotted is
that with v˜⊥ = 0.47 for a 10 M⊕ planet. Firstly, whilst the
orbit only dips below the convective zone by about 0.1 R,
it remains below the convective zone for more than a third of
the total time spent inside the star since it is moving almost
tangentially at that point. Secondly, the mass loss rate M˙p ∝
v3ρ? (Equation 7). The velocity reaches its maximum whilst
below the convective zone and ρ? is a strong function of
depth, making the average mass-loss rate in this part of the
orbit much larger. As a result more than two thirds of the
mass deposited on the first pass ends up below the convective
zone.
When considering the whole parameter space of pos-
sible impacts, this effect leads to a sharp division. Planets
that stay within the surface convective zone on their first
orbit are, by and large, disrupted in the convective zone;
hence all their heavy metal content is available to pollute
the stellar photosphere. On the other hand, planets that pass
more than slightly below the convective zone are mostly dis-
rupted in radiative regions of the star and the majority of
their heavy metal content does not contribute to the photo-
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Figure 6. Details of the orbit of a planet during its first pass
through the star. The initial planet mass is 10 M⊕ and v˜⊥ = 0.47
(i.e., the short-dashed red orbit in Fig 5). The bottom panel
shows orbital radius r as a function of time t, with the stellar
radius and convective zone shown as dotted red lines. Subsequent
panels show the planet velocity v and mass-loss rate M˙p, the
stellar density local to the planet ρ?, and the planet mass Mp.
The line is coloured according to Mp; the scale can be read off the
top panel. Light red shaded regions show times when the planet is
inside the surface convective zone, less-light blue shaded regions
when it is beneath the convective zone.
sphere. Figure 7 shows this behaviour graphically. At high
planet mass (& 1 M⊕) there is a relatively clean separation
between planets that contribute all of their mass to the con-
vective zone and planets where most of the mass does not
end up in the convective zone. At lower masses (. 1 M⊕), the
planet is mostly disrupted on the initial orbit and hence even
plunging orbits can contribute most of the planet’s mass to
the convective zone since they are destroyed before reaching
its base. The black solid line shows the range of parameters
for which enough metals are absorbed into the convective
zone to change the surface abundance by 0.128 dex, as re-
quired for M67 Y2235.
3.3 Effects of assumptions and parameter choices
We have made a number of assumptions in constructing this
model. We neglect dynamical friction since Equation 4 shows
that it is insignificant compared to gas drag. We also neglect
accretional drag. The planet is highly supersonic – the Mach
number is around 100 – and moving through a medium much
less dense than itself, so we expect accretion to be negligible.
Tidal disruption of the planet will take place when the orbit
MNRAS 000, 1–12 (2019)
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Figure 7. The fraction of planetary mass dissolved in the surface
convective zone of a star as a function of the initial planetary
mass, Mp and fractional tangential velocity v˜⊥. The black line
marks the locus where enough material is deposited in the convec-
tive zone to produce the surface abundances seen in M67 Y2235.
The stellar model is a 1.18 M, solar-metallicity star at an age of
4 Gyr, matching the position of Y2235 in our isochrones.
reaches approximately
alim,tid =
(
3ρ?
ρp
)1/3
R?, (11)
which for our fiducial model is about 0.86 R, well inside
the convective zone. We also do not attempt to model the
effect of the injected energy on the envelope’s structure; for
a calculation of likely observable effects on the star we refer
the reader to Metzger et al. (2012).
3.3.1 Differential settling
The analysis that we have carried out here ignores the ef-
fects of differential gravitational settling. The results of Liu
et al. (2019) show that, for most elements, gravitational set-
tling provides a good description of the evolution of sur-
face elemental abundances seen between the main sequence,
turn-off and subgiant branch. Our assumption here is that,
since 0.128 dex is a small abundance difference, the relative
rates of settling between polluted and unpolluted stars will
remain roughly the same, and hence the abundance differ-
ence will be retained through subsequent settling. Given the
uncertainties involved in the analysis this seems like a rea-
sonable approximation to make: if it is incorrect the only
likely effect is to slightly increase the mass of planet that we
need to accrete.
3.3.2 Convective overshooting
Our models are calculated with mild convective overshoot-
ing. We set the overshooting parameter in stars δov = 0.12,
following the recommendations of Schroder et al. (1997) and
in rough consistency with the more recent study of Stancliffe
et al. (2015). Without overshooting we require a slightly
younger model (3.8 Gyr) to match M67 Y2235. This is be-
cause convective overshooting increases the size of the small
core convection zone which forms in this model, thereby
bringing more mass into the central burning region and pro-
longing the life of the star. The effect on the envelope struc-
ture when the star reaches the position of M67 Y2235 in
the HR diagram, however, is sufficiently small as to make
no significant difference to our conclusions. Figure 8 shows
the mass deposited into the surface convection zone as a
function of v˜⊥ for a 6 M⊕ planet. The black solid line shows
the fiducial model, the red dashed line the model without
overshooting. The differences are small.
3.3.3 Time of impact
We have modelled the impact of the planet onto M67 Y2235
as it is at its present age, but the convective envelope was
shallower at previous times (see Figure 3). A planet trans-
port process with a long timescale could lead to planetary
engulfment at any time in the star’s history. The blue dot-
ted line in Figure 8 shows the effect of engulfment at 2 Gyr,
when the star’s accretion zone is at its shallowest extent.
Slightly less mass is deposited into the convective zone com-
pared to the fiducial model, and the value of v˜⊥ for which all
mass is deposited into the surface convection zone is reduced
from 0.42 to 0.4. As will be seen from the analysis below,
this difference is small for realistic initial planetary orbits.
If some of the mass deposited between 0.02 and 0.035 M
from the stellar surface does not diffuse down into the inte-
rior it may be swept back up by the convective zone during
its subsequent deepening.
3.3.4 Composition of the planet
So far we have considered a planet with a density of ρp =
7.9 g cm−2, typical for iron in terrestrial conditions and ap-
proximately correct for the bulk density of a super-Earth
planet. We have also computed models for ρp = 5.5 g cm
−2,
the density of the bulk Earth or of water-rich super-Earths
(Zeng et al. 2016), and ρp = 10 g cm
−2, the density of cores
of massive exoplanets. These represent bounding values to
the densities likely to be achieved by the terrestrial exoplan-
ets that are relevant to our study. In the latter case we also
adopt an entropy of vaporisation of 5 kJ g−1 as appropri-
ate for magnesium silicate (Ahrens & O’Keefe 1972). The
results are shown as the red small-dotted and blue large-
dotted lines in Figure 8. For plunging orbits a lower-density
planet deposits more mass in the convective zone, and corre-
spondingly a higher-density planet less, and there are again
differences in detail around the transition between plunging
and grazing orbits; however, the basic picture where all of
the mass is deposited into the surface convection zone for
v˜⊥ < 0.42 remains the same.
3.3.5 Radiative energy loss
A planet on a highly eccentric orbit spends the majority of
its time far from the star, and hence might be able to cool
itself sufficiently to significantly reduce the rate of plane-
tary evaporation. The rate of change in temperature can be
MNRAS 000, 1–12 (2019)
An ingested super-Earth in M67 Y2235 7
0.4 0.5 0.6 0.7 0.8
v˜⊥
0
1
2
3
4
5
6
M
in
g
e
st
e
d
,C
Z
/M
⊕
Fiducial model
ρ = 5.5 g cm−2
ρ = 10 g cm−2
CH = 0.02
CH = 0.005
0.4 0.5 0.6 0.7 0.8
v˜⊥
0
1
2
3
4
5
6
M
in
g
e
st
e
d
,C
Z
/M
⊕
Fiducial model
No overshooting
2Gyr
Figure 8. The effects of our assumptions on the mass dissolved in
the surface convective zone of a star, Mingested,CZ, as a function
of the fractional tangential velocity v˜⊥. The planet has an initial
mass of 6 M⊕. The stellar model is a 1.18 M, solar-metallicity
star. The black solid lines show our fiducial model at an age of
4 Gyr. The top panel shows the effects of changing the proper-
ties of the star. The red short-dashed line shows a model of the
same mass calculated without convective overshooting, at an age
of 3.8 Gyr as required to match the position of Y2235. The blue
dotted line shows the fiducial star, but with an impact at 2 Gyr
rather than 4 Gyr. The bottom panel shows the effects of chang-
ing properties related to the planet. The planet’s density is var-
ied from the fiducial 7.9 g cm−2 to 5.5 g cm−2 (red close-dotted
line) and 10 g cm−2 (blue large-dotted line). The fraction of fric-
tional energy liberated, CH, is varied from the fiducial 0.01 to
0.02 (brown short-dashed line) and 0.005 (pink long-dashed line).
written in terms of the planet’s luminosity Lp as
T˙ = − Lp
MpcFe
=
−3σT 4
RpρpcFe
, (12)
where cFe = 0.45 J g
−1 K−1 is the specific heat capacity of
iron and σ is the Stefan-Boltzmann constant. This has a
solution in terms of the initial temperature T0 which takes
the form
T = T0
[
1 +
3t
τ
]−1/3
, (13)
where the timescale
τ =
MpcFe
4piR2pσT
3
0
≈ 250 yr (14)
for a 6 M⊕ planet with T0 = 3000 K. This is comfortably
longer than the orbital period which is of the order of a year
or less, and hence radiative cooling can be disregarded.
3.3.6 Summary
These tests show that our model is robust to reasonable
changes to the input physics. Hence, if super-Earth plan-
ets can be transported to the stellar surface on sufficiently
tangential orbits, their dissolution can reproduce the abun-
dances seen in M67 Y2235. Therefore we go on to explore
briefly the processes that could lead to super-Earth trans-
port and the parameters of the encounters that they lead
to.
4 POSSIBLE ORIGINS OF THE LATE-TIME
INGESTION OF PLANETS
In order to achieve the enrichment observed in M67 Y2235,
it is necessary for the planet to be transported to the surface
of the star after the end of the pre-main sequence. During
the initial stages of its life a star possesses a giant-like struc-
ture with a deep convective envelope, driven by liberation
of gravitational energy as the star contracts from its pro-
tostellar birth cloud. For a star such as ours this pre-main-
sequence phase lasts about 30 Myr (Railton et al. 2014). If
the planet enters the photosphere whilst this deep envelope
is present its metal content will be mixed over a large frac-
tion of the stellar mass and the enrichment of the surface
layers will be small. Our scenario, therefore, requires late-
time dynamical activity in the planetary system of the type
that we think has not occurred in the Solar System.
4.1 Processes driving planetary delivery to the
stellar surface
A likely source population providing a planetary origin for
the pollution observed in the envelope of M67 Y2235 is the
population of super-Earth planets on close (. 1 au) orbits
found around a large fraction of stars. Estimates of the oc-
currence rate of such systems lie in the range 30–70% (e.g.,
Fressin et al. 2013; Zhu et al. 2018; Zink et al. 2019), and
they likely contain a range of planetary multiplicities (e.g.,
Johansen et al. 2012; Zhu et al. 2018; Zink et al. 2019). So
the raw materials for pollution are common, requiring only
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a process that can bring one or more planets to the stellar
surface.
One such process is tidal decay of the orbit of an ultra-
short period super-Earth such as 55 Cnc e (Dawson & Fab-
rycky 2010). Using a constant Q tidal model (Jackson et al.
2008) with Q′? = 10
7, M? = 1.18 M, and R? = 1.43 R,
we find a timescale for semimajor axis decay of 3.6 Gyr for a
55 Cnc e clone (P = 0.736539 d and Mpl = 8.08 M⊕, Demory
et al. 2016), driven by the tidal bulge raised on the star. This
would have been longer in the past, as the star’s radius was
smaller. Tidal engulfment of ultra-short period super-Earths
is also an unsatisfactory explanation because of the paucity
of such planets: . 1% of FGK stars host planets with peri-
ods < 1 d, and many are smaller than Earth (e.g. Hsu et al.
2018, 2019).
A more likely means of delivery is dynamical forcing by
other planetary or stellar bodies in the system. We consider
two broad classes of dynamical processes: Lidov–Kozai os-
cillations imposed by an inclined exterior companion (Lidov
1962; Kozai 1962; Naoz 2016), and planet–planet scattering
arising from internal processes within a planetary system
(Rasio & Ford 1996; Weidenschilling & Marzari 1996).
Inclined companions capable of inciting Lidov–Kozai
cycles include binary stellar companions: planets have been
found orbiting one component of systems at least as tight
as 20 au (Neuha¨user et al. 2007), and inclined binary com-
panions can be acquired during dynamical encounters in the
host star’s birth cluster (Malmberg et al. 2007). M67 Y2235,
still being a cluster member, has had a significant time to
undergo such an encounter, although the rate is highest in
the early years of the cluster’s life. Its radial velocity stability
and spectral features imply that it is most likely single to-
day and so any companion star must have been subsequently
lost again. Alternatively, the inclined perturber may be a
planet. A planet’s inclination can be increased by a close
stellar encounter in the host star’s birth cluster (Malmberg
et al. 2011; Li et al. 2019); or it may have been captured
onto a high-inclination orbit from another star (Li et al.
2019); or indeed placed there by dynamical instability in an
isolated planetary system scattering a massive planet onto
a high-inclination orbit.
Dynamical instability arises in systems of multiple plan-
ets with a timescale set roughly by the planets’ separations
(Chambers et al. 1996; Marzari 2014) and likely driven by
the overlap of three-planet mean motion resonances (Quillen
2011). A high rate of instability among systems of giant plan-
ets has been invoked to explain the observed distribution
of orbital eccentricities (Juric´ & Tremaine 2008; Raymond
et al. 2011), and instability in the outer system can desta-
bilise any inner super-Earths (Hansen 2017; Mustill et al.
2015, 2017, 2018). In systems of inner super-Earths desta-
bilised by outer giant planets undergoing planet–planet scat-
tering, Mustill et al. (2017) found that 40% of the loss of
super-Earths was through collisions with the star. Finally,
amongst systems comprising only super-Earths, a high rate
of instability has been argued for to explain the small frac-
tion of such systems in resonant chains (Izidoro et al. 2017,
2019; Lambrechts et al. 2019).
In this paper we do not attempt to calculate the ex-
pected rate of planet engulfment by turn-off stars in M67.
Such a calculation is complex and fraught with uncertain-
ties; furthermore, the sample to which we are comparing
consists only of four stars. Instead, having argued that en-
gulfment should be present in some planetary systems but
not ubiquitous, we model a handful of representative test
cases to identify the expected orbital properties of planets
that do reach the stellar envelope.
4.2 Simulation setup
To determine the likely velocity vectors of planets hit-
ting stellar envelopes, we conduct N -body simulations us-
ing the mercury code (Chambers 1999). As we need to
resolve the very small pericentre passages of highly eccen-
tric orbits, all integrations are performed using the accurate
adaptive-timestep RADAU integrator with an error toler-
ance of 10−12, resulting in a maximum final energy error of
10−6. The stellar mass was set to 1.18 M and the stellar
radius to 0.00666 au (1.43 R). Planets were removed upon
collision with the star, at which point their position and
velocity were recorded.
In our first experiment, we set up Lidov–Kozai forc-
ing from a binary stellar companion. To accomplish this,
we place a stellar companion of 0.1 M on an orbit with an
eccentricity of 0.3, an inclination of 80◦, and a semi-major
axis of 2 or 5 au. Test particles are then distributed between
0.4 and 0.5 au to mimic super-Earths. While our binary sep-
arations are extremely close for circumprimary planetary
systems, we find that even a binary separation of 5 au leads
to extremely grazing orbits. Any wider binary would lead to
still more grazing orbits as the forcing is weaker and hence
the orbital change per orbit of the innermost body becomes
smaller.
In our second experiment, we set up 100 systems likely
to be unstable to planet–planet scattering. The systems each
possess two 10 M⊕ super-Earths and three 318 M⊕ giant
planets on exterior orbits. The innermost super-Earth is
placed at 0.5 au and subsequent planets are spaced by 4− 6
mutual Hill radii. Initial eccentricities are set to zero and in-
clinations randomly chosen to be within 5◦ of the reference
plane.
4.3 Simulation results
For our different simulation sets, we record the position and
velocity of planets at the point when they first encounter
the stellar surface, and hence derive the orbital elements and
the fractional perpendicular velocity v˜⊥. These results are
shown in Figure 9. The lower panel shows simulations set
up to undergo companion-driven Lidov–Kozai cycles. The
dashed green line at v˜⊥ = 0.4 marks the boundary where
terrestrial planets of all masses are dissolved in the convec-
tive envelope of our reference model. The simulations with
a perturbing star at 2 au undergo Lidov–Kozai cycles with a
short period of ∼ 200− 300 yr, meaning that the change in
the planet’s pericentre per orbit can be significant. As a re-
sult they have a spread of v˜⊥ values, although the median is
still as low as 0.29. These systems represent a very extreme
case unlikely to be seen in practice as exchanges into a 2-au
binary in typical birth environments will be very rare. In the
cluster simulations of Malmberg et al. (2011), who simulated
relatively dense birth environments, such close binaries were
never created. On the other hand, with the perturbing com-
panion at 5 au the cycles proceed smoothly and the planets
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Figure 9. Orbital properties of planets that impact the surface
of their host stars in our N -body simulations. The orbital semi-
major axis at impact, a, is plotted as a function of the ratio
of the perpendicular velocity to the total planetary velocity, v˜⊥
(lower axis), and equivalent impact parameter b (upper axis). Top
panel: scattering simulations with a system of two super-Earth
planets and three Jupiter-mass planets, unstable to planet–planet
scattering (blue squares). Bottom panel: Lidov–Kozai simulations.
Super-Earth planets are placed on orbits between 0.4 and 0.5 au.
Lidov–Kozai cycles are forced by a binary companion of mass
0.1 M on orbits of 2 au (black circles) or 5 au (red triangles).
The green dashed vertical line shows the boundary, leftward of
which all masses of terrestrial planet will be dissolved entirely
within the convective envelope of our reference star.
enter the star on very tangential orbit, with a median v˜⊥ of
0.05. In all cases the semi-major axes are not much changed
from the initial values.
The planet scattering runs produce a rather smaller
number of impactors (49 from 100 systems; see top panel of
Figure 9). The planets have a much broader range of semi-
major axes at impact, but the impacts are still rather graz-
ing, with a median v˜⊥ of 0.12. Only three of the impactors
are sufficiently eccentric to penetrate below the convective
zone. We have also run a set of simulations of scenarios sim-
ilar to those proposed by Liu et al. (2018) for HD 80606/7,
which yields even more grazing orbits, with a median v˜⊥
of 0.03. We find that, even in simulations where scattering
takes place, a planet is typically not delivered to the photo-
sphere as a direct result of a strong scattering event. Rather
the scattering excites the eccentricities and inclinations of
the giant planets, which in turn drive one of the super-Earth
planets to the stellar surface through secular interactions. In
general, the greater the change in orbital elements per orbit,
the deeper can be the penetration into the stellar envelope.
4.4 Summary
The conclusions that we take from these simple numerical
experiments are as follows. Both Lidov–Kozai cycles induced
by exchanges into binaries and by stellar flybys, and planet-
planet scattering caused by inherently unstable planetary
systems, can change the orbital properties of planets so that
they are scattered into their host stars. When this happens,
the semi-major axes are such that the planets are travelling
at very close to the stellar surface escape speed on impact.
For realistic parameters the planets dissolve in the surface
convection zone of the host star, even for stars where the
convective zone is a very small fraction of the total stel-
lar mass. Thus, in the majority of cases where terrestrial
planets are scattered into a star that possesses a thin sur-
face convection zone, pollution of the magnitude observed
in M67 Y2235 should be observed.
5 DISCUSSION
The analysis in the preceding sections shows that the late-
time ingestion of one or more super-Earth planets is a plau-
sible mechanism to explain the enhanced elemental abun-
dances displayed by M67 Y2235 compared to the other two
turn-off stars studied by Liu et al. (2019). We show that two
dynamical mechanisms – Lidov–Kozai cycles and planet–
planet scattering – can drive planets into collision with their
central star. The majority of such planets should deposit all
of their mass in the surface convection zone of the star, even
for a star with a thin convection zone such as M67 Y2235,
so that it is available to pollute the stellar photosphere.
These processes, whilst potentially common, should not
be ubiquitous. Many stars are “singletons” as defined by
Malmberg et al. (2007): they have never been in a binary
and have never undergone a close encounter with another
star. The Sun is one such star. Furthermore, we know that
a large fraction of the stars observed by Kepler possess dy-
namically cold systems of terrestrial planets, which would be
disturbed by any of the processes that we discuss here. On
the other hand, as discussed in Section 4.1, there is evidence
that internal dynamical instability of planetary systems may
be rather common. We do not attempt to resolve this ten-
sion here but simply note that high-resolution spectroscopic
observations and differential analysis of a large sample of
stars turn-off and main-sequence stars in M67 would provide
a new constraint on the frequency of planet ingestion and
hence dynamical instability, either internally or externally
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triggered, in that environment. Other spectroscopic studies
of the M67 turnoff also show potential elemental abundance
variations but they are not conclusive, owing to larger un-
certainties (Gao et al. 2018; Souto et al. 2019). Whilst M67
is unusual, being a long-lived rich open cluster, such a con-
straint might still prove useful. Interactions with other stars
are highly unlikely to stabilise planetary systems so the rate
of planet ingestion in M67 would be an upper limit of the
rate of the same process in the field. M67 is an ideal test
bench owing to its age, which leads to low-mass small con-
vective envelopes in turn-off and upper-main-sequence stars.
More massive convective envelopes would be much less sen-
sitive to pollution and hence require unrealistically high pre-
cision in the measurements of elemental abundances.
In recent years a great deal of effort has gone into the
use of chemical tagging to associate stars with their birth
siblings via chemical similarity (Freeman & Bland-Hawthorn
2002). This study illustrates one of the limits of this tech-
nique. Any late-time ingestion of planetary material into the
envelopes of solar-like stars will lead to a spread in elemen-
tal abundances, limiting the power of the technique. Whilst
the sample size in Liu et al. (2019), and hence this study, is
small, it suggests that this is a process that should not be
ignored when evaluating the potential of chemical tagging as
a tool to probe the history of the Milky Way. The problems
become less pronounced when considering lower-mass stars.
Figure 10 shows the mass in the surface convection zones of
solar-metallicity stars as a function of stellar mass and time.
Black contours enclose regions where (left to right) 20, 10, 5
and 2M⊕ of metals are required to cause a 0.1 dex increase
in surface metal abundance. This shows that for stars of so-
lar mass and below, elemental abundance changes owing to
accretion of rocky planets are likely to be dwarfed by uncer-
tainties owing to our incomplete understanding of atomic
diffusion, radiative levitation, and convective motions below
the base of the surface convection zone.
A similar caveat applies to the use of stellar abundances
as a prior for narrowing down planetary structure and com-
position models consistent with an observed mass and ra-
dius (e.g., Dorn et al. 2017). The enrichment of M67 Y2235,
around 0.1 dex, can be comparable to the uncertainty in
abundances of exoplanet host stars. Ingestion of a planet
whose abundances did not match those of the host star will
bias the inferences about the compositions and interiors of
any surviving observed planets. The effect is relatively minor
on bulk properties such as envelope and water fractions, but
can be significant for properties of planetological significance
such as core radii and the iron fraction of the mantle (see
Dorn et al. 2017, fig 8). On the other hand, systems which
have likely not undergone a dynamical instability, such as
TRAPPIST-1 (analysed by Dorn et al. 2018), should be un-
affected by such concerns.
Nonetheless, the abundance enrichment of M67 Y2235
is, to the precision available, the same for all species mea-
sured (see Fig 1), implying the ingestion of a planet of
broadly stellar composition (albeit depleted in H/He). In
particular, and unlike the Earth, C and O are not signif-
icantly depleted below the stellar abundance. This likely
represents the ingestion of an icy/water-rich super-Earth,
whose orbit prior to ingestion could have been outside the
ice line close to where it formed, or inside the ice line if it
had migrated extensively in the protoplanetary disc. Current
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Figure 10. Convective zone mass mcz as a function of stellar
mass M? and time t. The plot shows evolution to the end of the
first giant branch. The white region to the top-right of the plot is
excluded by being after the end of the first giant branch. The black
lines show contours where (right to left) 2, 5, 10 and 20 M⊕ of
polluting metals are required to change the envelope abundance
by 0.1 dex. At higher masses than shown on this figure stellar
envelopes become essentially radiative on the main sequence, with
only very thin convection zones driven by H and He ionisation
zones.
work on the photoevaporative loss of atmospheres of plan-
ets with orbital periods of up to a few tens of days favours
a rocky, not icy, core composition for these planets (Owen
& Wu 2017). The planet ingested by M67 Y2235 therefore
likely originated on a wider orbit.
6 CONCLUSIONS
M67 Y2235 is a turn-off star in M67 which has elemental
abundances enhanced by an average of 0.128 dex compared
to other turn-off stars in the cluster, and compared to mod-
els of atomic diffusion and levitation which fit other stars on
the cluster main sequence. The enhancement shows no trend
with elemental mass or condensation temperature. We have
investigated whether these enhanced abundances can be re-
produced by the ingestion of planets into the surface layers of
the star. Ingestion of a total of 5.2M⊕ of metals is required.
We have constructed a simple model of the dissolution of a
terrestrial planet in the outer layers of such a star. We find
that terrestrial and super-Earth planets, with masses less
than around 30M⊕, should be dissolved entirely in the sur-
face convection zone of the star, as long as their orbits are
sufficiently grazing that v˜⊥ = v⊥/v . 0.4 when the planet
enters the stellar surface for the first time. We further inves-
tigate the orbital properties of planets delivered to the stellar
surface by Lidov–Kozai cycles and by scattering arising in
internal dynamical instabilities within the planetary system,
and show that for realistic systems these processes produce
orbits that are overwhelmingly sufficiently grazing to have
v˜⊥ < 0.4. Hence the planets so delivered should contribute
their metals to pollute the photosphere, even when the sur-
face convection zone is as low-mass as in M67 Y2235. As
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such, ingestion of planets can explain the elemental enrich-
ment seen in M67 Y2235. We suggest that high-resolution,
high-SNR spectroscopy of a large sample of stars around the
turn-off and upper-main sequence of M67 would provide a
valuable dataset to investigate the frequency of planet in-
gestion owing to dynamical instability
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